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Abstract 
Quick monitoring of the axial force of hangers of a suspension or a cable-stayed bridge are of significant importance since large 
vehicle loads may have affected, if not changed, the axial forces along the life cycle of the bridges. The axial force formulae do 
not consider changes of support type and shape of hangers with increasing axially tensile or compressive loads. Such changes 
may, theoretically, have lead to inaccurate axial force predictions. This study focused on predicting the axial force of models with 
different L/d ratios of solid circular cross section upon pinned-pinned supports using vibration techniques. The lengths of the 
specimens were 101.2 cm and 139.5 cm, measured from the centre to centre of the supports, and the diameter of both specimens 
was 24.9 mm. Pinned-pinned type of supports and various axially tensile and compressive loads were applied. The supports were 
designed and manufactured so as to comply with ideal pinned-pinned conditions by inserting bearings of 10 ton capacity inside 
the confining system. In every applied load the time domain vibration signals were recorded and the natural frequencies were 
analyzed by means of the Fourier transformation technique. The experimental results show that the increasing natural frequencies 
with increasing tensile loads, as well as the decreasing natural frequencies with increasing compressive loads, are in line with the 
theoretical prediction. The change of rotational support conditions (purely pinned to semi-fixed) at higher axially tensile forces 
especially for the slender beam (139.5 cm) is blamed to cause higher first natural frequency predictions. On the contrary, both 
beams in compression (101.2 cm and 139.5 cm) indicate better conformity within 45% of their critical loads (between experiment 
and theory). Inconsistency of results occurs when hangers start to buckle. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 2nd International Conference on Sustainable Civil Engineering 
Structures and Construction Materials 2014. 
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1.  Introduction  
Applying ideal conditions of support in a laboratory experiment is not as simple as putting bearings at the beam’s 
ends. Limitations on available bearing size and capacity in the market lead to improper and even disproportional 
model that affect properties of the model. These conditions likely contribute to different force predictions in the 
experiment compared to results of analytical theory. Therefore, experimental testing is necessary to determine the 
characteristics of a beam/hanger structure using pinned-pinned supports for comparison to the ideal analytical 
conditions of supports. Specimens of this research were limited to solid steel cylinders with span lengths of 100 cm 
and 140 cm from centre to centre of the pinned supports.  
Tensile loads were gradually applied on the specimens and in every step of tensile load; an impulse load was 
applied laterally to the beam axis, and was recorded and analyzed. 
2. Beam theory  
The theory of the equation of motion of a beam considering the EI value, but neglecting flexural deformation of 
its own weight, is deduced from kinetic and potential energy. Deak [1], Luong [3] and Stokey [4] described that 
lateral deformation of a beam at a distance of x from support and at a time (t) (Fig. 1) can be defined as following: 
 
Fig. 1. Beam model 
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where A is amplitude of vibration at mid span, ω is angular frequency and L is span of the beam. Substituting the 
derivative equation of deformation (L) into the kinetic energy and integrating it over a span of L defines: 
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The equation of kinetic energy (KE) is then: 
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The potential energy is due to flexural deformation and the work applied externally at both ends, T. By integrating 
over a span of L the equation will be as the following: 
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Equating KE and PE of equation (3) and (5) the angular frequency of pinned-pinned supports may be defined as 
follows: 
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For other modes of shape (n) the equation may be defined as the following: 
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where n is mode shape, T is axial force (kN), m is mass per unit length (kg/m) and EI is in Nm2. According to Euler, 
the critical axial load of beam in compression is defined in equation (8) below. 
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where k = 1 for pinned-pinned support, E is the modulus of elasticity, I is the inertia of the beam i.e. (1/64).π.d4 and 
lu is the distance between the support ends. 
 
3.  Testing equipment 
 A loading frame of WF 200x450 upon a strong concrete floor was used to provide tension and compression load 
of the cylindrical steel beams (Fig. 3). Two accelerometers of Bruel & Kjaer Type 4370 were plugged on A/D 
Converters of Dewe-43 at one end and attached to the mid-span and quarter-span at the other (Fig. 2). A load cell 
having a capacity of 10 T was installed underneath one of the bearing supports to measure tensile or compressive 
force. The A/D Converter was then plugged on a laptop computer where online signals were monitored and digital 
data were stored. This experiment was carried out in the Structure Laboratory of Gadjah Mada University. 
 
 
                         
 
Fig. 2. Accelerometer of B&K Type, A/D converter of Dewetron 43 and software output 
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              a) Steel frame of WF 200x450                             b) Detail of pinned support 
Fig. 3. Experimental set up 
4. Testing procedures 
 A solid circular cross section steel beam of 24.9 mm in diameter and 101.2 cm in length was hanged and was 
gradually loaded axially (varying from 0 to 25 kN) by operating a pulling system (a threaded bolt around a fixed 
nut) at the bottom of the steel beam (see Fig. 3). A strain gauge was attached at mid-span for load calibration 
purposes. Two accelerometers were attached laterally at the mid and quarter span. In every step of axial loading the 
axial load and the strain were recorded. Several lateral impacts were applied at quarter span/height. The analogue 
signal responses from the accelerometers were then transferred to the A/D converter of Dewe-43, converted into 
digital signals with a sampling rate of 500 Hz (2 milliseconds), and were backed up in a laptop computer for further 
Fourier analyses. The signal recording was concluded after achieving 3 to 5 impulses (about 2 to 3 minutes of 
recording). Such a loading procedure was also applied inversely (for axial compressive loading) on the same steel 
beam.   
 Another circular cross section steel beam of 139.5 cm long and of 24.9 mm in diameter was alternately hanged 
on ended top end of support and was pulled down on the other end. A similar procedure to 101.2 cm was also 
applied for tensile and compressive loading.   
5. Result and discussion 
Fig. 4 shows that the frequencies of ended experiment are almost coincident with the theoretical expectations 
with the increasing axial load (T). The properties of the specimen (span length, diameter and modulus of elasticity) 
were adjusted at zero axial force. Slightly theoretical errors in defining frequency may be due to the effect of 
frequency resolution in the frequency domain. When a set of data (N), of 1024 samples and of 500 Hz = 2 
milliseconds sampling rate (Δt), was executed and was transformed in the frequency domain, it resulted in a total 
time Σt = N*Δt of 2.048 seconds. 
Bearing 
of 10 ton 
capacity 
Strong Floor 
Load Cell 
Pulling 
system Data logger/ computer 
ADC 
Loading Frame 
Accelerometer ch-0 
Accelerometer ch-1 
Pined support at 
bottom end 
Pined support 
at top end 
182   Henricus Priyosulistyo and Mita Ferdina /  Procedia Engineering  95 ( 2014 )  178 – 184 
0
10
20
30
40
50
60
70
0 2000 4000 6000 8000 10000 12000 14000 16000
Fr
eq
ue
nc
y 
(H
z)
T (Newton)
Theory
Experiment
 
Fig. 4. Pinned-pinned support, beam of 101.2 cm long (tension) 
Thus, a frequency resolution of (Δf=1/Σt) of ± (1/2.048) Hz = ± 0.488 Hz is still within acceptable frequency range 
of the experiment. For a resolution of 0.244 Hz, a larger number of samples (N = 2014) has also been used. In short, 
beam theory for determining axial tensile force with a specified experimental frequency resolution is still valid for 
relatively short beams.    
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Fig. 5. Pinned-pinned support, beam of 139.5 cm long (tension) 
 In comparison to the short beam (Fig. 4), the longer beam (Fig. 5) shows lower natural frequencies along with 
increasing axial loads (T), but Fig. 5 indicates significant differences between theory and experiment with increasing 
axial loads (T). A higher axial force (T) may have mechanically gripped the rotation of the bearings to provide ideal 
pinned-pinned supports. Pinned-pinned supports may have changed to semi-fixed supports at both ends, thus slightly 
increasing natural frequencies. Therefore, the longer the beam (139.5cm) of the same diameter (the slender beam), 
the larger the grip effect on the supports that increases the first natural frequencies. Such a grip effect may not be 
significant on higher natural frequencies. Degrees of change have been graphically provided by Crovella and 
Kyanka [2]. A frequency error due signal processing (frequency resolution) is not significant in this matter. 
Experimental results of beams in compression of 101.2 cm in length (short beam), as seen in Fig. 6, indicate 
consistent results within a certain percentage of its critical axial load. Using equation (6) for Es = 209,520 MPa, d = 
25.4 mm and L = 1000 mm, the critical axial load Tu will be 40,289 N. On the contrary, the experiment shows that 
inconsistency of the result has occurred before approaching the critical axial load. When the axial load lies beyond 
18.05 kN (about 45% of its critical load) the theoretical predictions do no longer coincide with the experiments. The 
shape effect (the beam started to buckle) may be blamed as the cause of this inconsistency in results.  
A similar inconsistency also occurs on beam of 139.5 cm long (see Fig. 7). Beyond an axial load of 10.00 kN the 
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frequencies of the experiment tend to be higher and do not coincide with the theory. According to Euler’s theory of 
beams in compression, the critical load of beams of 139.5cm long shall be 20.55 kN, but in fact it occurs at about 
10.00 kN (48.6% of its critical load). Therefore, a vibration technique for obtaining the axial compressive force of 
hangers or suspenders may only apply within 45% of its critical load.  
 
Fig. 6. Pinned-pinned support, beam of 101.2cm long (compression) 
 
Fig. 7. Pinned-pinned support, beam of 139.5 cm long (compression) 
6. Conclusion 
From the above results and discussions, the following conclusions may be drawn. The differences between 
experimental and theoretical results are possibly due to several possible reasons. Artificial pinned-pinned supports in 
experiments are not easily provided. The grip effect may always occur in experiments that increase the first natural 
frequencies and provides errors in predicting axially tensile forces, especially for slender beams. Overestimate 
results of frequency of the slender beam at higher axial loads are possibly due to the change of the rotational support 
condition (grip effect). Axial force predictions of beams in compression are no longer consistent beyond 45% of 
their critical loads due to the shape effect (beam starts to buckle). Such errors are more pronounced on slender 
beams.  
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